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ABSTRACT Tenofovir disoproxil fumarate (TDF), a nucleotide reverse transcriptase
inhibitor, after conversion to tenofovir (TFV), is mainly eliminated by glomerular fil-
tration and active tubular secretion. The major adverse effect of tenofovir is nephro-
toxicity; however, the exact mechanism remains poorly understood. In this study, the
ATP-binding cassette subfamily C member 11 (ABCC11; multidrug resistance protein
8 [MRP8]) transporter, which is abundant in proximal tubular cells, was demon-
strated to act as an efflux transporter of tenofovir. Real-time PCR (RT-PCR) and indi-
rect immunofluorescence assays were used to determine MRP8 overexpression in a
continuous cell line. Tenofovir accumulations were assessed by cytotoxicity, cellular
transport, and vesicular uptake assays. Substrate specificity was confirmed using MK-
571, an MRP-specific inhibitor, and methotrexate, which served as a known sub-
strate. Intracellular and intravesicular concentrations of tenofovir were determined
by liquid chromatography-tandem mass spectrometry (LC-MS/MS). The 50% cytotoxic
concentration (CCs,) of TDF in MRP8-overexpressing cells was 4.78 times higher than
that of parental cells. Transport assays also showed that the intracellular accumula-
tion of tenofovir in MRP8-overexpressing cells was 55 times lower than that in pa-
rental cells and was partly reversed by MK-571. Similarly, an “inside-out” vesicu-
lar uptake assay, using Sf9 inverted membrane vesicles to allow measuring of
accumulation of the substrates into the vesicles, demonstrated a higher intrave-
sicular concentration of tenofovir in MRP8-overexpressing vesicles than in Sf9 in-
sect control vesicles. These effects were effectively reversed by increasing con-
centrations of the specific inhibitor MK-571. In conclusion, tenofovir is a new
substrate of the MRP8 transporter. An alteration in the activity of this efflux
pump may increase the intracellular accumulation of tenofovir in proximal renal
tubular cells.

KEYWORDS tenofovir, methotrexate, tenofovir disoproxil fumarate, ATP-binding
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enofovir (TFV) disoproxil fumarate (TDF) is an orally bioavailable prodrug of teno-

fovir, an acyclic nucleotide analog reverse transcriptase inhibitor (1, 2). Tenofovir is
widely used for effective treatment of HIV and hepatitis B infection (1, 2). Concerns
regarding nephrotoxicity were initially raised because of the similarity of the chemical
structures of tenofovir and other cyclic nucleotide analogs such as adefovir and
cidofovir (Fig. 1). Use of adefovir and cidofovir was associated with proximal tubulopa-
thy due to decreased mitochondrial DNA replication through inhibition of mitochon-
drial DNA polymerase <y (3). Furthermore, numerous clinical studies have indicated a
significant association between tenofovir use and a decline in the estimated glomerular
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FIG 1 Chemical structures of tenofovir disoproxil fumarate (TDF), an oral prodrug and acyclic nucleotide
analog of AMP that inhibits HIV-1, and cyclic nucleotide analogs AMP and GMP, as indicated.

filtration rate (eGFR). The nephrotoxicity of tenofovir varied widely, ranging from less
than a minimal effect to severe cases of renal Fanconi syndrome or acute kidney injury
(4). The incidences of tubular dysfunction were demonstrated in 17 to 22% of the
tenofovir-treated patients (1, 4). The risk factors for nephrotoxicity included long-term
use, preexisting kidney diseases, increased age, lower CD4" cell count, baseline eleva-
tion of serum creatinine, dose, concomitant nephrotoxic medications, and low body
mass (1, 2, 4, 5). Mitochondria of the proximal tubular cells are the major target of
tenofovir toxicity due to their complement of cell membrane transporters that fa-
vor tenofovir accumulation, but the exact mechanism of toxicity remains unclear (1, 4,
5). Tenofovir undergoes elimination unchanged in urine via the combination of glo-
merular filtration and active proximal tubular secretion (1, 2). Approximately 20 to 30%
of tenofovir is actively transported into renal proximal tubular cells by the organic anion
transporters at the basolateral membrane human OAT1 (hOAT1) and, to a lesser extent,
hOATS3 (1, 4). Subsequently, the drug is secreted by the ATP-binding cassette subfamily
C member 4 (ABCC4; multidrug resistance protein 4 [MRP4]) and ABCC10 (MRP7?) (1, 4,
5) (Fig. 2). In addition, the existing reabsorption pathway of tenofovir at proximal
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FIG 2 The pathway of tenofovir (TFV) transport in proximal tubular epithelium cells (1, 4, 5). Approximately, 20 to 30% of tenofovir is actively transported into
renal proximal tubular cells by the organic anion transporters hOAT1 and, to lesser extent, hOAT3 (1, 4) at the basolateral membrane. Subsequently, the drug

is secreted by ABCC4 (MRP4), ABCC10 (MRP7?) (1, 4, 5), and ABCC11 (MRP8) (this study).
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tubular epithelial cells has never been reported (1), and the uptake transporters of this
drug, hOAT1 and hOATS3 (1, 4), are located only on the basolateral membrane.

Among the members of ABC transporter subfamily C, ABCC11, also called MRPS,
encoded by the abccl1 gene belongs to a new class of MRP members (6). MRP8
expression is low in all normal human tissues except lung, fetal tissue, kidney, spleen,
colon, and brain (7-12). At the kidney, MRP8 is highly expressed on the proximal region
but is not found on glomeruli. MRP8 is able to transport a diverse range of lipophilic
anions, including cyclic nucleotides, estradiol-17-beta-glucuronide, steroid sulfates such as
dehydroepiandrosterone (DHEAS) and estrone sulfate [E (1)S], glutathione conjugates such
as leukotriene C4 and dinitrophenyl-S-glutathione, and monoanionic bile acids (11, 13).
The MRP8 transmembrane protein structure resembles the structures of MRP4 and
MRP5 with respect to possessing only two membrane-spanning domains (13). An
amino acid comparison indicates that MRP8 more closely resembles MRP5, and the
substrate selectivity of MRP8 is more similar to that of MRP4 (14-16). Moreover, cyclic
nucleotides are the only physiological transport substrates that MRP4, MRP5, and MRP8 are
known to have in common (13, 17, 18), and tenofovir has a chemical structure related to the
structures of cyclic nucleotide analogs (1, 2). With the abundance of ABCC11 in the kidney,
in this study we hypothesized that ABCC11 plays a role in TDF transport in renal proximal
tubular cells. Pig kidney epithelial parental cells (LLC-PK1) and cells overexpressing
MRP8 (LLC-PK1-ABCC11) were selected as a suitable epithelium model to demonstrate
the efflux transport of TDF of the proximal renal tubular region (19-22).

RESULTS

Characterization of cell lines. Human abcc77 mRNA levels in MRP8-overexpressing
LLC-PK1 cells were higher than those in parental cells (Fig. 3A). Indirect immunofluo-
rescence staining of MRP8 also showed that the transporter protein was highly
expressed in MRP8-overexpressing LLC-PK1 cells whereas no signal was observed in
parental cells by an EVOS-Il imaging station (Fig. 3B, upper panel). The findings
confirmed the suitable characteristics of the MRP8-overexpressing LLC-PK1 cells for
further experimental assays.

Cell viability and cytotoxicity assays. MK-571, an MRP-specific inhibitor, did not
reduce MRP8-overexpressing and parental cell viability at the concentrations used (Fig.
4A). At 17,500 uM, TDF alone reduced a significant proportion of parental cell viability
whereas no effect was seen on MRP8-overexpressing cells (Fig. 4B). When MK-571 was
added, TDF significantly reduced viability of only MRP8-overexpressing cells (Fig. 4C).
Methotrexate (MTX) was, however, more cytotoxic to both cells. Similarly, MTX toxicity
was markedly increased when MK-571 was added in MRP8-overexpressing cells only
(Fig. 4D). When 10 serial concentrations of TDF were used to determine 50% cytotoxic
concentrations (CCsps) in both cell lines, TDF was found to be more toxic to parental
cells. However, the CCy, of TDF was significantly reduced in the presence of MK-571
only in MRP8-overexpressing cells (Table 1 and Fig. 4E). Similarly, the CC, of MTX was
also dramatically reduced when MK-571 concentrations were increased only in MRP8-
overexpressing cells (Fig. 4F).

Tenofovir transport assays. A transport assay was performed by measuring the
intracellular accumulations of TDF and MTX after they entered the cells. The intracel-
lular concentration was determined by liquid chromatography-tandem mass spectrom-
etry (LC-MS/MS) quantification. After conversion to TFV, TDF was found to be present
in only small amounts. Only the area under the concentration-time curves of tenofovir
(m/z 208) and methotrexate (m/z 455) were used for the graphs shown in Fig. 5.
Compared to parental cells, MRP8-overexpressing cells had significantly reduced levels
of intracellular accumulation of tenofovir (Fig. 5A) and methotrexate (Fig. 5B). The
reduced accumulation of both substrates was reversed by increasing concentrations of
MRP8-specific inhibitor MK-571.

Vesicular uptake assays. Incubating substrates in the presence of the inverted
membrane vesicles overexpressing the respective efflux transporter and ATP allowed
direct measurement of substrate accumulation into the vesicles. A vesicular uptake
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FIG 3 Expression of recombinant MRP8 in LLC-PK1 cells. (A) RNA expression of recombinant human ABCC11 gene in LLC-PK1 ABCC11-overexpressing cells was
significantly higher (left bar) than that of the parental cells (LLC-PK1). Data are shown as the ratio of ABCC11 gene expression relative to that of beta-actin gene
expression determined by real-time PCR as described in Materials and Methods. Values are the means =+ standard deviations from three independent
experiments. Error bars represent standard errors from three independent experiments. Statistical significance was assessed by a two-way ANOVA multiple
comparison test assuming equal variance (***, P value < 0.0001). (B) Human overexpressed MRP8 protein in LLC-PK1-ABCC11 and LLC-PK1 parental cells.
Immunofluorescence staining of MRP8 protein, B-actin, and DAPI in both cell types was described in Materials and Methods. Photos were taken under the
EVOS-Il imaging station at a magnification of X 1,000.

assay was designed by incubation of tenofovir, not TDF, and MTX with ATP or AMP in
the presence and absence of MK-571 in MRP8-overexpressing and “inside-out” Sf9
control membrane vesicles. Addition of ATP, but not AMP, stimulated the uptake of
tenofovir (Fig. 6A) and methotrexate (Fig. 6B) into MRP8-overexpressing vesicles.
Accordingly, ATP-dependent intravesicular accumulation of tenofovir and MTX in
MRP8-overexpressing vesicles was diminished with the MRP8-specific inhibitor. Signif-
icant differences were seen as early as the 5-min time point and maintained throughout
the 30-min experiment. A vesicular uptake assay of a known substrate (methotrexate)
also showed similar results (Fig. 6B).

DISCUSSION

The known substrate of MRP8, TDF, is less cytotoxic to both LLC-PK1 ABCCT11-
overexpressing (LLC-PK1-ABCC11) and LLC-PK1 parental cells than methotrexate. This may
be due to the fact that tenofovir has a very high selectivity index (SI of 324.8) for the viral
reverse transcriptase enzyme (23) and, therefore, has lower cytotoxicity than methotrexate.
However, in the presence of the specific inhibitor MK-571, the cytotoxicity of tenofovir in
MRP8-overexpressing cells increased almost 15-fold. Although TDF and MTX were not
tested concomitantly in cytotoxicity assays in our study, it may be assumed that intracellular
accumulations of tenofovir due to combination with a drug known as the substrate or
inhibitor of the MRP8 transporter may contribute to its increased cytotoxicity.
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FIG 4 Cell viability assays with TDF and methotrexate in the presence and absence of the specific inhibitor MK-571 (A) Specific inhibitor MK-571 at various
concentrations did not reduce MRP8-overexpressing and parental cell viability. (B) Cytotoxic effects of TDF on MRP8-overexpressing and parental cells. (C)
MK-571 further reduced viability of the MRP8-overexpressing cells, but not parental cells, treated with TDF. (D) MK-571 also enhanced cytotoxicity of methotrexate only
in MRP8-overexpressing cells. (E and F) Cytotoxicity assays showing methotrexate and TDF concentrations that reduced cell viability by 50% (CCs,) in MRP8-
overexpressing LLC-PK1 or parental cells with or without the specific inhibitor MK-571. Statistical significance was analyzed by a two-way ANOVA multiple comparison
assuming equal variance (*, P < 0.01; **, P < 0.001; ***, P < 0.0001). All values are the means * standard deviations from five independent experiments.

Results of cellular transport assays also indicated that the intracellular tenofovir
concentration in MRP8-overexpressing cells was noticeably and significantly lower
(approximately 55-fold) than that of parental cells. As expected, intracellular tenofovir
accumulations were increased as the cells were exposed to increasing concentrations
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TABLE 1 Effect of MRP8 overexpression on cytotoxicity of tenofovir in LLC-PK1 cells

CCso (M) inze

MRP8-overexpressing Fold change

Compound WT cells® cells (CCsomrps/CCsowt)S
Tenofovir 33,694 * 839 161,076 = 5,478 4.78
Tenofovir + 50 uM MK-571 34,938 =770 138,115 £ 976 3.95
Tenofovir + 100 uM MK-571 33,530 * 466 10,713 =132 0.32

aValues represent the means = standard deviations of five independent experiments. The calculation was
fitted to Richard'’s five-parameter dose-response curve (45) (asymmetric sigmoidal, with robust fit). See
Materials and Methods for details.

bWT, wild type, LLC-PK1 parental cells.

For all compounds there was a significant (P < 0.0001) decrease in toxicity due to MRP8 overexpression
based on two-way ANOVA multiple comparison tests assuming equal variance.

of the specific MRP8 inhibitor. In addition, the data were also consistent with those
from MRP8 and Sf9 inside-out vesicles. A statistically significant increase in intravesicu-
lar accumulation of tenofovir in an ATP-dependent manner was observed at all time
points (0.5, 5, 10, 15, and 30 min) compared to levels in controls (AMP and parental Sf9
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FIG 5 Intracellular accumulation of tenofovir (A) and methotrexate (B) with and without the specific
MRP8-inhibitor MK-571 in a cellular transport assay. Error bars represent standard errors from duplicate
independent experiments. Statistical significance was assessed by a two-way ANOVA multiple compar-
ison test assuming equal variance. *, P < 0.01; **, P < 0.001; ***, P < 0.0001.
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FIG 6 Time course for uptake of tenofovir and methotrexate by inside-out vesicles from Sf9 insect cells. The uptake of tenofovir
and methotrexate into MRP8-overexpressing cells was compared to that of parental membrane vesicles derived from Sf9 insect
cells. (A) Addition of ATP, but not AMP, stimulated the uptake of tenofovir and methotrexate into MRP8-overexpressing
vesicles. ATP-dependent intravesicular accumulation of tenofovir in MRP8-overexpressing vesicles was diminished with the
specific MRP8 inhibitor. (B) Intravesicular concentrations of methotrexate also showed similar results. Error bars represent
standard errors from duplicate independent experiments. Statistical significance was assessed by repeated two-way ANOVA
with Turkey’s post hoc analysis and unpaired t test comparisons (*, P < 0.01; **, P < 0.001).

vesicles). MK-571 was able to specifically reverse the intravesicular accumulation of
tenofovir. Our study is the first to demonstrate that the human MRP8 transporter
protein at proximal tubular cells mediates the efflux transport of tenofovir. It can be
concluded that tenofovir is a new substrate of the MRP8 transporter protein. Therefore,
alteration of the physiologic functions of this efflux pump may influence the accumu-
lation of drug in proximal renal tubular cells and may contribute to developing nephro-
toxicity. Since renal elimination is the major pathway of tenofovir clearance, these findings
are very important to expand the basic knowledge of the molecular pharmacology of this
drug. Proximal tubular cells are uniquely susceptible to tenofovir toxicity because there
exists a complement of transporters that increase intracellular concentrations of the drug.
The inhibition properties of mitochondrial DNA (mtDNA) polymerase y encoded by the
POLG gene has been proposed to play a central role in tenofovir-induced mitochondrial
toxicity, which may contribute to tenofovir nephropathy (1, 4, 24, 25). Although tenofovir
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has not yet been studied, we note that a similar theory was raised in support of the idea
that this drug might also induce proximal tubular apoptosis through caspase-9 activation
(1, 18, 26), as previously described for other nucleotide analog reverse transcriptase
inhibitors such as adefovir and cidofovir (1). Whether or not this may have a role in
tenofovir-induced renal tubular cell injury will deserve further study.

Genetic variants in a number of transporter proteins involved in tenofovir excretion
have not been clearly associated with renal damage. In fact, correlations between
genetic variations of genes encoding other ABCC transporters and renal proximal
tubulopathy had been shown. Polymorphisms of the ABCC4 gene at several positions
were identified, but their correlation with intracellular accumulation and kidney dam-
age yielded conflicting results (27-30). Studies of various single nucleotide polymor-
phisms (SNPs) at both intronic and coding regions of the ABCC10 (31, 32) and ABCC2
genes also showed a discrepancy in their correlations with renal proximal tubulopathy
(33). However, the role of MRP2 as a renal efflux transporter of TDF has now been
challenged and is questionable (1, 4, 5, 32). Therefore, which genetic variants may
predispose renal cells to TDF toxicity remains controversial. Since multiple efflux
transporters exist, it might be difficult to find significant proteins whose polymorphisms
could be of significance in tenofovir nephrotoxicity. It is also possible that other
compensated efflux mechanisms via other MRPs located in the renal proximal tubular
region may play a role. Furthermore, there exist over 48 distinct members of multidrug
resistance proteins encoded by abcc genes that belong to the ATP-binding cassette
(ABC) transporter superfamily in the renal proximal tubular region (34-40).

Conclusion. This in vitro study is the first to demonstrate the role of MRP8 as an
efflux transporter of the antiretroviral tenofovir. This transporter protein is highly expressed
in the proximal renal tubular region. Genetic polymorphism or concomitant drugs that
diminish the physiologic function of the MRP8 transporter may contribute to tenofovir
intracellular accumulation and, consequently, tenofovir nephrotoxicity.

MATERIALS AND METHODS

Reagents and chemicals. Diethylpyrocarbonate (DEPC)-treated water was purchased from Thermo
Fisher Scientific (Waltham, MA). A one-step quantitative RT-PCR (qQRT-PCR) SuperScript IIl Platinum Sybr
Green kit, a PureLink RNA Mini purification kit, M199 medium, fetal bovine serum (FBS), sodium pyruvate,
penicillin, streptomycin, 0.25% trypsin-EDTA, Alexa Fluor 488-phalloidin, 4’,6’-diamidino-2-phenylindole
(DAPI), Dulbecco’s phosphate-buffered saline (DPBS) with magnesium and phosphate, DPBS without
magnesium and phosphate, ABCC11 antibody, Alexa Fluor 488-conjugated goat anti-mouse serum IgM,
puromycin dihydrochloride, synthetic ABCC11 primary antibody, an MRP-BCRP (breast cancer resistance
protein) vesicular transport assay reagent set (catalog number GM3010), PrestoBlue reagent, and mouse
serum were purchased from Life Technologies Corporation (Grand Island, NY). Triton X-100, paraformal-
dehyde, vinblastine, methotrexate, and methanol were purchased from Sigma-Aldrich (St. Louis, MO).
Tenofovir disoproxil fumarate and tenofovir were purchased from Santa Cruz Biotechnology, Inc. (Dallas,
TX). MK-571 was purchased from Merck Millipore, Inc. (Darmstadt, Germany).

Cells and vesicles. LLC-PK1 ABCCT1-overexpressing(LLC-PK1-ABCC11) cells and LLC-PK1 parental cells
(ATCC 123546) were purchased from GenScript, Inc. (Piscataway, NJ). Human ABCC11-overexpressing inside-
out vesicles, control ABC transporter vesicles, and primers were purchased from Life Technologies Corpora-
tion (Grand Island, NY). LLC-PK1-ABCC11 and parental cells were grown under recommended conditions
in M199 medium with 3% heat-inactivated fetal bovine serum, 100 ug/ml penicillin-streptomycin, and 2
ng/ml puromycin dihydrochloride. Cells were passaged twice a week. Gene expression and protein
expression were characterized by real-time PCR and indirect immunofluorescence assay, respectively.

mRNA isolation and RT-PCR. To evaluate human abcc77 mRNA levels in MRP8-overexpressing LLC-PK1
cells compared with the levels in parental cells, relative quantification was determined by real-time PCR
(RT-PCR). Briefly, cells were seeded in T75 cell culture flasks until they reached 80 to 95% confluence.
For RNA extraction, PureLink reagent was added into cells, and mRNA was isolated according to the
manufacturer’s protocol. The ABCC11 primers (forward primer, AGTATGATGCTGCCTTGA; reverse primer,
GGTGAGGTAGGAGAACAG) and B-actin primers (forward primer, AACTACCTTCAACTCCATCA; reverse
primer, ATCTCCTTCTGCATCCTG) were purchased from Life Technologies Corporation (Grand Island, NY).
A one-step SuperScript Ill Platinum Sybr Green gRT-PCR kit was used for quantification of mRNA
expression under the following conditions: 50°C for a 3-min hold (cDNA synthesis), followed by 40 cycles
of 95°C for 15 s, 60°C for 30 s, and 40°C for 1 min. Data were quantified as relative expression levels using
Bactin as a reference gene.

Immunofluorescence staining. To assess in situ MRP8 protein expression, an immunofluorescence
technique using an anti-MRP8 antibody was performed in MRP8-overexpressing and parental LLC-PK1
cells. This method was adopted from Robillard et al. (41). Cells were seeded in 24-well tissue culture
plates at a density of 5,000 cells/well. Cells were incubated at 37°C in 5% CO, overnight. The experiments
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were duplicated. Briefly, cells were fixed with 4% paraformaldehyde for 20 min. Cells were permeabilized
by addition of a solution of 0.3% (vol/vol) Triton X for 5 min at 37°C. Thereafter, 5% (vol/vol) goat serum
diluted in DPBS solution was added to cells, and samples were incubated for 60 min at room temper-
ature. Cells were incubated at 4°C overnight with primary mouse anti-MRP8 antibody (10 pg/ml). Then,
cells were washed three times with phosphate-buffered saline (PBS) and incubated with an Alexa Fluor
488-conjugated goat anti-mouse antibody (10 wg/ml) for 60 min at room temperature. For staining of
actin and nuclei, Alexa Fluor 488-phalloidin (10 ng/ml) and DAPI solution (3 ng/ml), respectively, were
used according to the manufacturer’s protocol. Photos of selected areas of cells were taken under the
EVOS-Il imaging station at a magnification of X1,000.

Cytotoxic assays. A modified MTT [3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bro-
mide] assay was performed to determine cell viability and CCy,s between MRP8-overexpressing and
parental cells in the presence of various concentrations of TDF with or without the specific inhibitor
MK-571. Methotrexate was used as a positive control. This method was adopted from Ray et al. (13) Cells
were seeded in 96-well tissue culture plates at an approximate density of 5,000 cells/well in 100 ul of
M199 medium. Twenty-four hours later, both cell types were preincubated at 37°C in 5% CO, with
various concentrations of specific inhibitor (50, 100, or 150 uM MK-571) for 1 h. Serially diluted test drugs
or methotrexate was then added in triplicate and mixed well. Following 4 days (96 h) of incubation, cell
viability was determined using a PrestoBlue assay kit (purchased from Life Technologies Corporation,
Grand Island, NY) according to the manufacturer's protocol. After 2 h of continuous incubation, the
luminescence signal was measured at an excitation wavelength of 550 nm using a microplate reader
(M-965+; Metertech, Taiwan), and the percentage of cell viability was calculated.

Drug transport assays. To compare the intracellular accumulation of tenofovir and methotrexate
between MRP8-overexpressing and parental cells, a cellular transport assay with or without MK-571 was
performed as previously described (13, 31, 42). LLC-PK1-ABCC11 and parental cells were seeded at an
approximate density of 300,000 cells/well into 12-well tissue culture plates and then incubated at 37°C
in 5% CO, overnight. Cells were preincubated with 50 uM or 100 uM MK-571 solution at 37°C in 5% CO,
for 1 h, followed by addition of 200 uM tenofovir disoproxil fumarate (TDF) or 160 uM methotrexate
(MTX). After cells were incubated for 1 h with shaking at 37°C in 5% CO,, reactions were stopped by three
washes with ice-cold phosphate-buffered saline to remove extracellular drug. Cells were harvested by the
addition of 70% (vol/vol) ice-cold methanol, followed by overnight incubation at —20°C. Cellular debris
was removed by centrifugation at 10,000 X g for 15 min. Supernatants were collected, and intracellular
concentrations of tenofovir and methotrexate were determined by validated liquid chromatography
coupled with tandem mass spectrometry as described previously (14-17, 43). The reference method was
validated (14, 17, 43, 44), the lower limits of quantification were determined, and the calibration curves
demonstrated linearity, with average correlation coefficients greater than 0.99 for both drugs. Chro-
matographic separation of tenofovir and methotrexate was achieved by using a mobile phase of
acetonitrile-1 mM ammonium acetate buffer in water at pH 6.5 + 0.3 (50:50, vol/vol) and acetonitrile-1
mM ammonium formate containing 0.1% formic acid (18:82, vol/vol), respectively. The delivered flow rate
was 0.4 ml/min through an analytical column (C,4 Zorbax Eclipse XDB; Agilent, USA). The column
temperatures were maintained at 10°C for tenofovir and at 35°C for methotrexate.

Uptake assays. To demonstrate active transport of tenofovir and methotrexate through MRPS, a
time course of the uptake of tenofovir and methotrexate was performed by inside-out Sf9 vesicles to
compare the intravesicular accumulations of drugs in MRP8 (ABCC11)-overexpressing vesicles and Sf9
vesicles with or without MK-571. This assay was adopted from Ray et al. (13). Briefly, membrane vesicles
from Sf9 insect cells overexpressing MRP8 (ABCC11) protein and control vesicles were purchased (Life
Technologies Corporation, NY). They were confirmed by the company to contain no other protein
transporters. The vesicle transport assays were performed with a combination of (i) transport buffer
obtained from an MRP-BCRP vesicular transport assay reagent kit (GM3010; Life Technologies Corpora-
tion, NY), (i) 100 uM MK-571 (Merck Millipore, Inc.,, Germany), (i) 200 uM tenofovir (Santa Cruz
Biotechnology, Inc., TX) or 160 uM methotrexate (Sigma-Aldrich, MO), and (iv) vesicles at a total protein
concentration of 500 wg/ml. The total reaction volume was 1,000 wl. After samples were incubated for
1 h at 37°C, 160-ul reaction mixture aliquots were collected at various time points (0, 0.5, 5, 10, 15, and
30 min). They were diluted into 1 ml of ice-cold stop buffer and passed to vacuum filters through
1-um-pore-size 96-well glass filter plates (Pall Corporation, Port Washington, NY). Filters were washed
five times with 200 ul of ice-cold wash buffer. Vesicles were harvested by addition of 70% ice-cold
methanol, followed by incubation at —20°C overnight. Cellular debris was removed by centrifugation at
10,000 X g for 15 min. Supernatants were collected, and intracellular concentrations of tenofovir and
methotrexate were determined as previously described (14-17). To determine the transporter-specific
uptake of the substrates, MRP8-overexpressing vesicles were assayed side by side with the control
vesicles and specific inhibitor. Accumulation of substrates in vesicles was expressed in nanomoles per
milligram of total protein.

Calculations and statistical tests. The significance of the results was determined by two-way
analysis of variance (ANOVA) multiple comparison and unpaired t tests, assuming equal variance, with
the Prism program, version 6 (GraphPad, San Diego, CA). The concentrations rendering 50% cell viability
(CCs,) were calculated and fitted to Richard’s five-parameter logistical dose-response curve (45) [asym-
metric sigmoidal with robust fit; logXb = logEC,, + (1/Hill slope) X log(2'/* — 1), where EC,,, is the 50%
effective concentration, X is the concentration, S is the asymmetry parameter, and Xb is the inflection
point; denominator = (1 + 100egXb — X) > Hill slope)s wijth an initial Hill slope value of 1 and S of 0.5] using
Prism 6 (GraphPad, San Diego, CA). Untreated cells and cells treated with 100 uM vinblastine were used
as a reference of cell viability for 100% and 0%, respectively.
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